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NATIONAL ADYIfORY COMITTEE FOP AERONAUTICS 

FLIGHT OOntSim OF HSTORVAllCE AND COOLING CHAFACTERISTICS 

OF EXHAUST-EJFCTOR INSTALLATION WITH 

EXHA.UST-COLLrCTOB-rvINCi INSTALLATION 

By Loren W. teter and Kenneth S. Kieinknecht 

HUB 

Flight and grourl ir.veat,l3»t Ions have been mad* to compare 
an exhaust -ejector inj'.aiii'.tloa with a ?t3.nde.rd exr.au jt -collector- 
ring ir.eteJlatlon or. mi* >ooI>d Blromfl rntrlnss In a twin-ermine 
airplane.    The grOMBt inv.jtijvtior. amoved thet, whereas the 
atar.iai'd engir.e mil have ovarht-ated above 600 horsepower,  the 
i••:.''.:.« with MHttSt ejactors cocleA at t-.ke-off operating cci.cll- 
ti• ..:: at m Ha,    Sb> ••.-• '.ust ejectors provided as much cojiliig 
with cowl flaps -loaed a-: the ccr.vant'.onal ccwl flaps induced when 
full open (it low a'rr.  >-n.    XOP prcpi.'.alve tlirust of the exhaust- 
ejector Installation '•"•_«: calculated ti bo slightly loss than the 
thrust of the collector-ring installation. 

INTRODUCTION 

As part of a program requested fcy the Bureau of Aeronaut ica, 
Navy Depurtaent, flight and ground iirtestigutiona have beer, made 
or. an exhaust-ejuctcr installation in a twin-engine airplane.    The 
exhaust ejectors wire rtealgrwd tc increase the cooling-air flow 
through trie englno and nm Installed In the left nacelle.    The 
right —«g1«* was loft In Its standard cenflguration with an exhaust 
collector ring.    Thu eoolinj-air   JV.-. uro drop across the engine 
and the cylinder temperatures were mcucured In each installation 
to determine the  Improver; r.t In engine cooling obtained with the 
exhaust ejectors.    Brake horsepower and exhavst back preusure were 
measured for each Installation to compare the over-all performance. 
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A JM-1 airplane 
R-2800-43 engines van 
lias a norwl rower rf. 
and a manifold pre SLIT 
military take-off rut 
of mercury absolute, 
conventional erhauut 
ejector installation 
the right nacelle (fi 

UPStlftSOi 

(serif.l No. 41-H5541)  (fig. 1) einirped with two 
ami  in Uo Jrv/cntigatlon.    The B-i800-43 engine 

clr.2 of 1600 horsepover at a speed of 2400 rpra 
rv of 41 iPthvs of mercury absolute;  it has a 
ing of 2003 horsupcver at 2700 rpm ond 52 inches 
Tho left necelle vs modified by replacing the 

COJlec'.or-ring installation with an exhaust- 
{.Jga. 2 end 3).   No modiflcatlors were made on 
ijs. 4 L.nd 5). 

The exhaust-ejictor Installation consisted of four two-stag? 
ejectors on each siJe of tta nacelle.    Design data for exhaust nr^zles 
and ejectors were obtained from reference 1 to 4.   The ejectors irere 
deslgivd vith two stages ir. orie.r that remov&l of the first stage would 
provide access to Ifci engine uc:»sscrie9.    3; a?s limitations prevented 
the use of mtv than four ejec.ers on eA"h '.15.2 of the nacelle.    Indi- 
vidual cylinder •jjr.'.auc'.o were therefore gmqpt in trirle anl twin 
stacks as follows: 

Cyl'.mler sxreeta 

Outboard        Irbcird 
1,  17,  13 

15,  16 
13,  14 
11,  12 

2,  3,  4 
8, 6 
7,  6 
9, 10 

This t,r.-..; ":-• was selected because of s^ace limitations and simplicity 
of construction -.t the exi*:.. ••• of minisuz valve overlap. Nozzles with 
an ou*lot diameter of 2 inches were welde.l to the end of each group of 
stacks. 

The first-utago ejuctoro, shown nour.- • i on tho accessory skin panel 
in figure 6, are 14* sq'iare inches in crcsB-suetlonul area e:.i If- inches 
long (fig. 7).    Flush w'.th the outlets of the first stages are the 
•eccnd-stage ducts,   •'.', ch arc  75 square  inches In cross-sectional area 
and 20 inches lon£.    Dlffus-.r.' d inches long with an expansion ratio of 
1.2 are welled to tho M4* of tin second •feagM.    Pivotei at the diffuser 
exits fir.- controllable oxit flaps 15 inchus long that open approximately 
20°.   Those flap3 provide an outlet arta of 210 square Inchus when 
closed and 350 square inches when fully open. 

iL < j 
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INSTRUMENTATION 

Engine cylinder-baffle total pressures at the forward li;! of 
the front-row cylinder baffles, engine cylinder-baffle static pres- 
sures in the rear curl of the rear-row cylinder baffles, and t'.tal 
and wall static pressures In the ejector ducts about 4 inches la 
front of tho diffuser section (fig.  7) were measured with liquid 
nan » '.-.rs.    The exhaust back pressures wurc obtained with fl ;sh 
orifices  la the exhaust pipes g| stations 13 and z\ inches from tho 
exha st ports of the front-row and rear-row cylinders, respectively. 
Exhaust back pMM res were recorded from differential-pressure 
gages for the modified engine and frou a : '.q id nanometer fcr the 
standard engine. 

Temperatures of tho rear-spark-ol g gasket, the ejectors, the 
carburetor screen, and tisc cylinders wen ocas-.red by thermocouples 
and recorded ly a flight-test recorder.    Tho eject- r thermocouples 
were located --n the s«*je rakes as the total-pressure tubes.    A 
resistance-bulb '.:. r-fi-'ur was Installed  ..Aor the nose of the a'r- 
plaue for mean ir :,; free-stream air temperature. 

Pressures fcr measuring altitude and Indicated airspeed were 
provided by swiveling static-press re and shrouded total-pressure 
tubes, located 1 chord 1-mgth ahead of the r'ght-wlng tip.   Engine 
charge-air flow was dotermined by carbirotur metering-pressure data 
and air-box jallbrat; JUS.    Carburetor impact total-pressure and 
carb' retor uncoEj;ensute-d mutering-"ress..re differentials were obtained 
ttcm sensitive absolute-press .re gages and differential-pressure gages, 
respectively.    Engine manifold press ires wore measured by sensitive 
absolute-pressure gages. 

A position transmitter was used t. measure cowl-flap o-.-enlngs. 
A itflaotlm Win tjfl AMI flovraetur was installed In the fuel line 
between the carburetor and liijectlon n.zzle to measure fuel flow. 
Brake horsepower was determined from Pra^t & Whit-.jty tcrquemetei's 
and sensitive tachometers. 

All lnstr menta were calibrated before installation in tho air- 
plane.   With the exception of torque pressure, cowl-flap opening, 
and eng'no temperature, ail data were recorded pa photographic film. 

SW30IS 

The following symbols ore used In the presentation of results. 
Tho numerical subscripts refer to stations or. figure 7. 
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A 

r. 
6 

HL 

M,, 

"2 

•a 

Ap 

I 
K 

T2 

exhaust-nozzle or exha<ct tail-p'pe area,  (sq ft) 

speslflc hoat at conot^at preaavu-e,  (Bo./ilb)(°F)) 

net thr..st.  (lb) 

acceleration of .jrav'ty,  (ft./3ec2) 

total prcao.re In front of engine,  (in. vater gage) 

total '.reasure in socond-atri^e ejectors,  Ob/sq ft absolute Of 
i:i. water gaee) 

aechaniar.l uqVvalent of heat,   (776),   (it-lb,fetal) 

case  .>f taglm cooling-air flow,   (olvfa/aoc) 

aass of eng'rie charg-;-air flow,  (s:"63./sec) 

Baas of engine exl.auet-^aa I'icw,  (aluga/eoa) 

Tree-strvac static -resaure,   (lb/sq ft nba Lite) 

static pressure at cyiJndar•• baffle exit,   (lb/sq ft absolute Of 
•a. water gage-) 

engine exha..at back v-ress^-e,  (in. ZIg abajlut*) 

engine oar.ifcld yrtsa re,   ("n. Hg abriolute) 

av-.r-vj.  of engine ojrl in&Mr-iieaa and cyllr.dor-barrcl pressure drop 
(in. water) 

onginu cylinder-head procaore drr ,   (in. water) 

froi.-strcaa dynaiaV.; prea&ure,  ('n. water) 

gas  jonatant for exhaust,  (ft-ib)/(sl g)(°F) 

total teiaperoturt beu'ni online,   (°tt) 

total tenierature in ejectors,  (JI?) 

exhau3t-saa tennurat ro,   (rjN) 

cylinder-head teiape rat'•.!•••,   (•'?) 

\i 
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true airspeed,   (ft/aeo) 

velocity at fl-p exit, ejector origins,  (ft/sec) 

velocity at flag exit,  standard engine,  (ft/sec) 

aecn effective exha;ct-gaa velocity,  (:'t/3ec) 

ratio of Bit-cine heats of cir, 1.4 

propeller efficiency 

ratio of fit--stnaiii air density IO HACA standard sea-level 
n'.v density 

ra'lo cf a'r icr.alt;- at cyl'nicr-biffle exit to KACA standard 
sci-livel air density 

K-rroi! o? CALCULATION 

In order to Ooteva'no the over-all pcrforaar.ee of oa':h instal- 
lation, the net thrusts of the- e~oling nir and the exhaust grts were 
calculated by the following connrcBBi eld -flow oqv.a'.! ;ns.    The net 
thrurt  is ''•he change la BOEe'viun of the cooling nir arid the exai.st 
guoaa treat true alrspe-.d t • '.heir respective exit volocltloa. 

For the mod'fled engine, 

Ft. = (H. - «,) Y4j^ - l\ + Mo) VQ (1) 

whore 

V4,o -VEgJ'?TS 
1 

7 

In • i- .' '  :. (1) the risaucption vas node that the fltiid changed 
iaontropicaily from tho total pressure (fig. e) :.nd the total teBptr- 
atare in the duels to iivi-Etreon static pressure 1U'& toni*ruture. 
Any losses that might have occurred in th.. diff isora and through the 
closed ccwl flaps w.ru neglected. 

For the standard onglne, 

*n " V«,t + M^e - (M* 4 Mc) Vc (2) 

I 
\L j 
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Whore 

and 

•4,-J 
2ijJc, 

In equation (2) MM total pressure was aesiwed   -ou-i-  to the static 
pressure behind the eng'ne; there-fore,  in tho calculation of cooling-air 
thrust an isentror.ic change cf tho flu'd vas asoiiced from the static 
pressure  (fig.  9) and tomf^raturo buhiiid t:.e engine tc froe-atreaoi static 
pressur? a'.d ten-.-erature.    The la MM UMOJ01 the cl.ised cowl flaM were 
again neglected.    The uxhu.-st velocity has aerely a function of exhauet- 
gas teB;jert.ture,  frue-utroom static precs.ire,  and atvss of engine exhaust- 
gas flow. 

In order to dcter&ine the t-jrist that sight be expected froB Jet 
exhaust sU.-ks on a strtidard MflMj  c.lc -..-.?. at Ions worn tared on tho assuap- 
tion that ihe exhaust stack's   tsod with the eje-ctcro were installed on the 
standard engine in p?ace of the collector ring.    The following MjMtion 
was used: 

Fn • V#,a + "S^ • ^ * *1 vo (:<) 

whom 

(See reffcivi.c-.: 4.) 

= f (50 
With an -iss.ined propuller efficiency cf C.8£, the total net thrust 

horse; owe r ava.'lafclu wuo ccicula'.ud for each installation by 

thp JL2 + bh? n 
550     P 

(4) 

J 
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PP0C3OT5E AKD DISCUSSION 

Cooling-Blower Inveatication 

In order to determine the relation between cooling-air flow and 
engine pressure drop, a portable •BglM -cooling blr.wer was uaed.    Thia 
b"'ovcr vas net u~  In front of each i.njir.o (fig. 10); tre bljwer outlet 
wao sealed to the cowling iniot b;- a rubber casing and the blower vaa 
operated -AT. various air flowj.    Engine pressure drop was rciltiplied 
by the density rutio at the- cylinder-baffle exit to'include the effect 
of altitude arid ermine ton*: jruturo en ccoling-alr flow.    Encine c-.ollng- 
a'r pressure drop and t&aieraturts toV.nd the engines were measured in 
fligl.t end used In conjunct I->n with MM data of fi,juro 11 to obtain 
colins-air flow under fl'ght-tust conditions. 

Crc-.nd BnMtlflKklOB 

A .,ro iid irveatigati a vets u-.vio to detonsiiu- th« cooling jharac- 
turistics vf oSiih installation at a corditlon of zero run.    The results 
of this investigation at -* free-air temperature of 25° F with cowl 
flaxs open are sh.vn in ficrii'e  12 whor • the available cyl.ndor-heod 
immi Ircp CV)4!n. fuil-ulr ratio for bott engirds, ani the maximum 
cylir.d-:r-h_cd teapemturo   7^   for ||M exi-aust-ejector engine are 
plotted a3a'na*   LTifc h raejower.    If ptr-nitted to stalJlize, the 
cylindor-heud teaporcturos on the acendard engine' would have exceodod 
the rsanufactv.ror's raox'ij'.ua licit of tOO'J f at tMt nonditicna ua'.Tg 
about 600 OXT'VB horoe;cwer or more; tiwrefcre, no cylinder-heal tem- 
poral ru data for this eaj'n. won? attained.    As an'.-wn in i'l(rzrt. 12, 
nji Increase in '...-.•.    IMM090M* produces a greater increase  in htad 
jressure dr:p in the modif'.ud engine thun in tb-5 ctandurd engine. 
Despite- alight1? leaner f .el-air ratio-, the ocdified en3lr.j cooled 
far bettor than the etandrrd ermine- f:r all powers.    For uxannlo. at 
take-off OOn&ltlOM (MXlMI power) with cowl flr.j.3 full -;pon, the 
modJf'e-l-oni;iae  installation provided a cylinder-head |MHN drop 
of 5.t Inn hoi of water; wbwon the eowl flaps on the ptandard engine 
induced a BTOMBV8 drop of only 2.6   laokM of wa^er.    With a cylinder- 
head    IWMI drop of S.&  "riches of water, the raaxlmuro cylinder tem- 
perature for take-o'f conditions wac 4,30'J F. 

Fl l£*ht Inve at 1 gat ion 

APh/l 
The av.Jlablo cooling-air cylinder-head preaeure-droij ratloa 

In flight for atandard ar.l aodlfied engines are shown in 

\[ J 
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figure 13 at altitudes of 5,000, 10,000, and 15,000 feet.    In order to 
ccnrcire the iMtaUstlona,  tlM curves for the standard installation 
were superimposed, viLnout tost points, over those for the exactor 
Installation. 

The standard engine had a constant pressure-drop ratio of approxi- 
mately 0.49 w'th cow"'   Haps fi-11 open and &>out 0.23 with cowl flaps 
closed.    This pros3-\re-dro|: ratio nppoamd to lie constant fur all alti- 
tude::.    The pressure d •. •• evailablu on :'..<   a idiflod engine va3 a function 
-jf brake horsepower.   The ejector punplng actijn fell off slightly with 
altitude because of the Ii.iTecoed ey-ec'Tii volurao of cooling air at 
higher altitudes.    Fcr a g.ven horsepower the nrescure-drop ratio was 
higher n.t low airspeeds, such as those encountered during cllnb or take- 
off.   A* normal rated conditions, an altitude- of 5000 feet and an indi- 
cated airspeed of ipproxi'iaeiteiy 165 Biles yer hour,    (q = 12.0 ta. of 
water)    t:ie press/re-drop x-iL^j vaa 0.62 with flapn o-on and 0.40 with 
flap? cl:sed.    Thv.s ut FC00 feet and a low alXVJMaj&j  the ejectors induced 
nearly as much pressure drop BOVOM the ei-gii.e vit'i exit flups closed aa 
conventional 'owl flaps that are f-ill open. 

The average sy; inder-he.il tea .ventures are plotted against free- 
aortac dynwaic pre:.3\:re    q    for nuraf-.l r'lted and maxisufli cr-ilse y0WH 
at H altitude of 5000 feet in figure 14.    Those cirves show that, at 
1460 fcr-'.ko hMMpOMV and at a IJW airspeed ecrrespondtng to a dynamic 
|MMi    q     >f about 12.0 ir.r.hos of water,  the Eciif-od engine with 
CJWI flaps closed r;ns about 15° F ccoitr than the standard engine with 
c.wl flaps full open. 

The L-xiiauot back pressures .Teacured on each engine at 5000 feet are 
shown in figure 1.' .    Beeeuse of the restricted exhaust nozzles, the back 
presour-. .'3 cnelderubly higher in the rodiflod engine t:wn in the stand- 
ard  . ngine.    Sopaj-ale 0UTVM r*ro ehovn vltfc oovl flaps open find closed 
fJV UM modified engine because thj exhaust .311s is discharged tla-ough the 
exit flapSj wnlcii affect the  static pressure ut the exhaust-stack outlet. 
Engine oaXltamtlon curves at an altitude of 5000 feet are given for the 
standard and modified e.igir.on in flijuru IS fr a which the effect of back 
pre03 rv on engine performance may be seen.   A l->ej cf 100 brake horse- 
pt.wt:- existed for the modified engine at 2100 rpa.    The results of thrust 
cul^ulat'ons at M0J1 altitude are shown in figures 17 -jid 16.    These 
curvet 3liow tli-i Iran,   >r thrant, of thi. ool'r:g air and exhaust puses for 
each tyjt   of instailati 'n. 

Tho follow'ng table shows the total net thrust horsepower for both 
installations w;th cowl fla.s closed at an altitude of 5000 feet and a 
true :.!rspjed of 2fu miles per hour, with each engine operating at the 
sumo speed *nd manifold pressure: 

\i 
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I'"V;lne 
r « 

bhp 1 '» thp 

Stor.d&rd 
Modified 
Standard with 
Jet atari• 

1560 
1460 
5.460 

•31 
65 
162 

1900 
1286 
1355 

The data ehov that the less of 100 brake horsepower due to high 
MdMMt back pressure Is a'.DOit all r»t*1l»i by the momentum Increase 
nf the cooling air on t'.ie i_o<l.'.f led engine and also that more thrust 
tt-.y he obtained '.'r;n a star.iv.-4 ergino with Jet exhaust stacks than 
from the e.'-haust-ejector installation.    At low airspeeds the cowl 
flaps on the atanda'-d engine oust be open to provide sufficient engine 
cooling and thi-'s tfcfiy i:.;.rease the for:i drag.    Incsuuch as nc form- 
drag Boasuir'K.jr.^s wo.-o nac\o in fllg'it, a quantitative thrust analysis 
at low airspeed?, could not be tatm. 

Representative tea^rrature ar.l yrocs'ii-e patterns for the two 
installations under slullor opcr&tli.g oooiitlooa are shoim ia fig- 
ures 19 and 20.    No serious effect on temperature and ;:ressure distri- 
butions resulted free the use of the exhaust-ejector installation. 

CK'AHY OF .-s-suLrs 

FroD comparative flight arid ground Investigations of an exhaust- 
ejector Installation and a standard eshu-ist-collector-r'ng inotalla- 
ticn on air-co.Xnd engines in a twin-engine airplane, the follovlng 
r-.o Its wi v.- obtained: 

1. At take-off operating conditions at loro raa on the ground, 
the ejectors provided a : r -tv .:••• drcp across the engine of 5.5 Inches 
of water with the exit fl-vw full op -n, vhich VAB sufficient to cool 
the engine 20° F boiov tho nainu'-Acturer's Unit of 500° F at a free- 
air tctperature of 35° F; w'.ereas the standard engine would have over- 
heated at above 600 brake horsepower. 

2. At low airspeed.!,  luch as encountered during take-off and 
climb, the ejectors pap*4 approximately as much cooling air across 
the engine with tha exit flt.ps closed as conventional cowl flaps 
pupped when full open. 

3. The propulsive thrust of the exhaust-ejector Installation was 
calculated to be slightly less than the thrust of the collector-ring 

' J 
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installation because the thrust obtained fron the ejectors was slightly 
less than the loss In brafei horsepower due to high exhaust back pressure 
caused by the restricted outlet area of the exhaust stacks. 

Aircraft Engine Research Laboratory, 
National Advisory CoTtmlttee for Aeronautics, 

Cleveland, Ohio. 
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